Background and purpose: We evaluated the relationship between patient-, tumor-, and treatment-related features and radiation-induced lymphopenia (RIL) and evaluated the correlation between RIL and survival outcome in NPC patients to help improve the treatment strategy.
Introduction
Nasopharyngeal carcinoma (NPC), which is the most common malignancy arising from the nasopharynx epithelium, is especially prevalent in southern China. Although the use of concurrent chemotherapy and intensity-modulated radiation therapy (IMRT) has provided a survival benefit [1] [2] [3] , 20-30% of patients still experience tumor relapse [4] . Identifying efficient prognostic factors could help us stratify patients who are at high risk of tumor relapse.
Radiation therapy (RT) is the primary treatment for NPC. It might also directly suppress immune function via the direct destruction of mature circulating lymphocytes, a cell type that exhibits significant DNA fragmentation, even at low radiation doses (< 1 Gy) [5] [6] [7] . Tang et al. [8] found that among patients undergoing chemotherapy, higher lung V5 to V10 exhibited the greatest association with lower lymphocyte nadir (P < 0.001). In addition to the lungs, irradiated dose and volume of the bone marrow and spleen are also strongly associated with lymphocyte destruction [9, 10] . Therefore, it is possible that larger RT fields expose more circulating cells to radiation and thus result in lymphocyte destruction, otherwise known as radiation-induced lymphopenia (RIL).
Studies have found that absolute lymphocyte count (ALC) is a marker of immune health [11] and is correlated with patient outcomes, particularly overall survival (OS), progression-free survival (PFS), and distant metastasis-free survival (DMFS) in numerous cancers, including NPC [12, 13] . We have observed decreases in the lymphocyte population during the RT period in NPC patients. However, there is only a limited number of publications about the relationship between RIL and survival in NPC patients. Therefore, we evaluated the relationship between patient-, tumor-, and treatment-related features and RIL and evaluated the correlation between RIL and survival outcome in NPC patients.
Materials and methods
Patients A total of 374 previously untreated NPC patients was enrolled between October1 2004 and May31 2015 from radiation oncology department of Hunan cancer hospital. The eligibility criteria were as follows:(1) biopsyproven World Health Organization 1, 2, or 3, histopathologic type NPC; (2) Stage II-IVa disease according to the eighth edition of the international Union against Cancer/American Joint Committee on Cancer staging system; (3) no evidence of distant metastases before primary treatment; (4) Eastern cooperative Oncology Group performance status grade 0 or 1; and (5) A definitive radiation therapy for NPC was completed without delay.
Exclusion criteria included the following: (1) Patients without disease progression and followed less than 1 year; and (2) co-existence of a secondary malignancy, pregnancy, or lactation.
Treatment
Of these patients, 69.8% were treated with 2D-CRT and 30.2% were treated with IMRT. 87.2% of the patients received cisplatin-based chemotherapy before or during RT; 35% of the patients received adjuvant chemotherapy. All IMRT plans and 2D-CRT plans were delivered by a 6 MV linear accelerator (Varian Medical Systems, Palo Alto, CA). Radiation was administered five times per week. All patients were treated according to the treatment principles for NPC patients at our institute.
IMRT
The gross tumor volumes of both the primary tumor (GTVnx) and the radiologically involved cervical nodes (GTVnd) were outlined on the planning CT images with the aid of MRI images. The corresponding pGTVnx (70 Gy-74 Gy) and pGTVnd (66 Gy-68 Gy) with a 5 mm margin encompassing GTVnx and GTVnd. The clinical target volumes CTV1 (60Gy-66Gy) and CTV2 (50Gy-56Gy) respectively encompassing the high and low risk areas. The corresponding PTV1 and PTV2 with a 5 mm margin encompassing CTV1 and CTV2 were created by Boolean operations of the treatment planning system. OARs included brainstem, spinal cord, globes, optic nerves, optic chiasm, lenses, temporomandibular joints, temporal lobes auditory nerves, cochleae, mandible, oral cavity, larynx, parotid glands and vestibules. During IMRT optimization, the maximum dose of brainstem, optic nerves and chiasm must be ≤54Gy(allowing 0.1 cc brainstem <60Gy)and spinal cord ≤45Gy. Efforts were also made to limit mean dose of parotid glands to 26 Gy whenever possible and dose to the lenses and temporal lobes as low as reasonably achieved without compromising dose coverage to the PTVs.
2D-CRT
Two opposing lateral portals are used to cover primary nasopharyngeal cancer in nasopharyngeal cavity and adjacent normal tissue with high risk of tumor subclinical infiltration. A single front portal was used to cover the lower cervical lymph node area. 8-12 MeV electron irradiation was used to boost dose on metastatic cervical lymph nodes. Prescription dose was 70Gy-76Gy for primary tumor and 66Gy-70Gy for cervical nodes. High and low risk areas received 60Gy-66Gy and 50Gy-56Gy respectively. Brainstem must be protected by lead blocks completely when irradiation dose reach 50Gy and spinal cord must be protected by lead blocks completely when irradiation dose reach 40Gy.
Lymphocyte count
The complete blood count was determined using a Sysmex XN-9000 automated hematology analyzer (Sysmex, Kobe, Japan). The ALC was assessed prior to RT and weekly thereafter until the completion of RT. Additional complete blood count tests were performed in patients who developed a specific condition during treatment. The ALC baseline was assessed less than 7 days before treatment (RT or induction chemotherapy), and the minimum ALC during RT was identified as the ALC nadir.
RIL of different extents was defined as grade (G) 4 (ALC < 0.2 × 10 9 cells/L), 3 (ALC ≥0.2× 10 9 cells/L and < 0.5 × 10 9 cells/L), 2 (ALC ≥ 0.5 × 10 9 cells/L and < 0.8 × 10 9 cells/L), 1 (ALC ≥0.8 × 10 9 cells/L and < 1.0 × 10 9 cells/L), or 0 (ALC ≥1.0 × 10 9 cells/L) during the RT periods (1 to 8 weeks), consistent with the lymphopenia grade (which was determined according to Common Terminology Criteria for Adverse Events [CTCAE] version 4.0). To analyze the cumulative incidence of highlevel RIL (G3 and G4), we recorded the first time the ALC declined below 0.2 × 10 9 cells/L and 0.5 × 10 9 cells/ L for each patient.
Outcome and follow-up
The outcomes were progression-free survival (PFS), distant metastasis-free survival (DMFS), local recurrence-free survival (LRFS), and overall survival (OS) duration. The follow-up time and time to event were measured from the date of the first day of RT until the event (including recurrence and metastasis) or until the patient was censored. Patients' medical histories were obtained, and physical examinations and nasopharyngoscopies were performed at each follow-up visit. Nasopharynx and neck MRI, chest Xray, and abdominal sonography were routinely performed on an annual basis or upon a clinical indication of tumor relapse.
Statistical analysis
A Cox regression model was used in the univariate and multivariate analyses to assess the effect of patient-, tumor-, and treatment-related factors on G3-4 RIL. These factors included age, sex, baseline ALC, body mass index, smoking index (pack*years), clinical disease stage, histology, chemotherapy condition, and RT modality (2D-CRT or IMRT). The criteria for including (or excluding) factors in the forward-conditional multivariate Cox regression model for high-level RIL were P < 0.1 for inclusion and P > 0.05 for removal. Kaplan-Meier 1 minus survival curves were generated for the cumulative incidence of high-level RIL by risk factors.
In the survival analysis, for each endpoint (PFS, DMFS, LRFS, and OS), outcomes by RIL based on ALC nadir values during RT were compared using the log-rank test and Cox regression analysis. Co-factors in the multivariate analysis included age, sex, baseline ALC, body mass index, smoking index (pack*years), clinical disease stage, histologic type, chemotherapy condition, and RT modality. The criteria for including (or excluding) factors in the forwardconditional multivariate Cox regression model for cumulative incidence of tumor relapse (recurrence or metastasis) were P < 0.1 for inclusion and P > 0.05 for removal.
All variables were analyzed as continuous if possible. All statistical tests were 2-sided, and analyses were performed using the SPSS ver.24.0 statistical software package (IBM Corp., Armonk, NY). Abbreviations: CI confidence interval, HR hazard ratio, 2D-CRT 2-dimensional conventional radiotherapy, IMRT intensity modulated radiation therapy, GTV gross tumor volume, WHO World Health Organization, ALC absolute lymphocyte count baseline < 1 × 10 9 cells/L, and 341(91.2%) had an ALC baseline > 1 × 10 9 cells/L.
Results

Baseline patient characteristics
Lymphocyte counts during RT
To visualize the peripheral blood lymphocyte trends during RT, we plotted ALCs with respect to time during RT in weeks ( Fig. 1 ). There were 12(3.2%) patients with G0/1 nadir, 57 (15.2%) with G2 nadir, 274 (73.3%) with G3 nadir, and 31 (8.3%) with G4 nadir.
Association between patient characteristics and incidence of high-level RIL
In the univariate analysis, we found that baseline ALC (HR = 0.591, P < 0.001) and RT modality (IMRT vs. 2D-CRT, HR = 1.594, P < 0.001) were significantly associated with the G3-4 RIL ( Table 2 ). Cumulative incidence curves illustrate the effects of RT modality (IMRT vs. 2D-CRT) on ALC during RT (Fig. 2) .
In the multivariate analysis, we confirmed that a lower baseline ALC and that IMRT (vs. 2D-CRT) were two independent negative factors for the G3-4 RIL (Table 3) .
Lymphocyte nadir is associated with patient outcomes
Of the 374 patients who were available for survival analysis, 158(42.25%) experienced events within the followup period, including 85(22.72%) with local regional failure, 65(17.38%) with distant metastatic failure, and 8(2.14%) with local regional and metastatic failure at the same time. The survival curves shown in Fig. 3 illustrate the correlations between ALC nadir and LRFS and DMFS. Log-rank tests and univariate analysis showed significant relationships between ALC nadirs and LRFS. Patients with G3-4 nadirs showed longer LRFS duration when compared to G0-2 nadir (Fig. 3a, c and Table 4 ); No significant difference was found between G3-4 nadir and G0-2 nadir for DMFS durations (Fig. 3d and Table  4 ). However, patients with G4 nadir during RT were at a higher risk of distant metastasis while comparing to G0-2 nadir during RT ( Fig. 3b and Table 4 ).
In the multivariate analysis, G3-4 nadir showed longer LRFS duration (vs. G0-2 nadir, HR =0.548, P = 0.005), and longer PFS duration (vs. G0-2 nadir, HR =0.676, P = 0.022); No significant difference was found between patients with G3-4 nadir and G0-2 nadir for DMFS. While patients with G4 nadir during RT showed shorter DMFS (vs. G0-2 nadir, HR =2.567, P = 0.037) during RT (Table 5 ).
Discussion
RIL is affected by radiation therapy modality and baseline lymphocyte count
In this study, we evaluated the correlation between patient-, tumor-, and treatment-related features and RIL in NPC patients. We found that both baseline ALC and RT modality were independently associated with RIL.
Although only 33 (8.82%) patients were diagnosed with lymphopenia (ALC baseline < 1 × 10 9 cells/L) before treatment, relatively lower level of lymphocyte baseline was associated with both incidence of G3 and G4 RIL, regardless of induction chemotherapy or concurrent chemotherapy use. Thus, the high-level lymphopenia during RT may have already been present (i.e., intrinsic immunosuppression that was enhanced by RT).
In this study, we showed that IMRT led to a greater decrease in ALC than did 2D-CRT. The analysis of RT techniques (IMRT vs. 2D-CRT) indicated that the incidence of high-level RIL during RT was significantly higher after IMRT than after 2D-CRT. Nevertheless, 2D-CRT is unlikely to be a better choice than IMRT after a comprehensive evaluation. Instead, the regular usage of low-dose volume restriction of surrounding normal tissue should be considered when planning IMRT. It is known that IMRT can greatly improve the uniformity and conformity of dose distribution on target volume compared with traditional 2D-CRT by compromising a larger volume of low-dose irradiation upon surrounding normal tissue [14] . Lymphocytes are known to be the most radiosensitive of the peripheral blood cells, with an LD 50 as low as 2 Gy [15] , and the incidental doses received when lymphocytes are within the radiation portal during fractionated RT could be sufficient to result in lymphopenia [16] . In reality, any low-dose-irradiated tissue surrounding the target volume can be considered the organ at risk for lymphopenia because peripheral lymphocytes circulate throughout the body and exist in all tissues. Thus, a large volume of even very low-dose irradiation (i.e., a greater "low-dose bath") may result in more lymphocyte destruction. In order to compare the dose distribution between 2D-CRT and IMRT plans, we created 2D-CRT plans on 6 patients who had received IMRT. It showed that compared with IMRT the absolute total volume of receiving at least 5Gy (body V5) in 2D-CRT was greatly reduced (Supplementary fig. 1 and supplementary table 1 ). For the limitations of 2D-CRT, it is no longer commonly used for NPC patients. Therefore, the most important recommendation from our results should be restriction on low-dose irradiation(e.g. Body V5)in IMRT plans.
ALC nadir during RT correlates with survival
In the survival analysis, Patients with G3-4 nadir during RT were at a lower risk of local reginal recurrence than patients with G0-2 lymphopenia (HR = 2.567, P = 0.037).
A large number of retrospective and prospective studies have shown that low lymphocyte nadir is associated with poor patient outcomes [17] [18] [19] [20] [21] [22] [23] . Cho et al. [12] reported that NPC patients with a minimum ALC < 245 cells/μL had worse PFS durations. Liu et al. [13] found that lymphopenia (mini-ALC < 390 cells/μL and post3m-ALC < 705 cells/μL) was strongly correlated with shorter DMFS and PFS durations in patients with NPC. Since a large number of publications have reported the correlation between lymphopenia and poor prognosis, we were surprised that G3-4 lymphopenia was beneficial predictor of LRFS and PFS in the present study. Generally, RT can cause severe lymphopenia, leading to the suppression of host anti-cancer immunity; however, it can also stimulate tumor antigen release, which activates the T lymphocytes and enhances the host's anti-cancer immunity. In fact, the presence of tumorinfiltrating lymphocytes, which are mainly composed of cytotoxic T lymphocytes, has been associated with better patient outcomes in melanoma and head and neck cancers [24, 25] . On the basis of our results, we assumed that, besides direct damage to lymphocytes by RT, lymphocytes infiltrating from the peripheral blood after stimulation with RT may lead to a reduction in circulating lymphocytes, which presents as lymphopenia. On the other hand, the radiosensitivity of lymphocytes may also be representative of the radiosensitivity of cancer cells [26] , which predicts better survival.
However, among the 4 grades of lymphopenia, G4 nadir was associated with the shortest DMFS duration, which might be attributable to more immuno-suppression than immuno-stimulation induced by RT. Based on the result, it seems reasonable why no advance was found for PFS and OS in patients with G3-4, which showed advance for LRFS though. Therefore, G3 but not G4 nadir during RT may be indicative of an individually appropriate radiation dose that is able to stimulate anti-cancer immunity and defeat cancer cells without significantly influencing the host's anti-cancer immunity.
Our study is subject to several limitations. In the survival analysis, we did not observe a significant correlation either between OS and RIL, or between OS and any patient-, tumor-, or treatment-related features (e.g., sex, age, clinical disease stage, radiation modality, and chemotherapy condition). We studied patients over 12 years; the substantial changes in social environments and common lifestyles could have contributed to the negative result in the OS analysis. In addition, our data were exclusively obtained from 1 center; the findings from the current study should be validated in a larger, multicenter study.
In conclusion, baseline ALC and RT modality, which were independently associated with RIL, should be considered carefully when developing a personalized RT plan. Moreover, G3-4 nadir was linked with longer LRFS durations, while G4 nadir was linked with a shorter DMFS duration; thus, routinely follow-up is more important for patients with G4 nadir as well as those with G0-2 nadir. Abbreviations: HR hazard ratio, CI confidence interval, SD standard deviation, GTV gross tumor volume, ALC absolute lymphocyte count
